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Abstract The questions of whether carotenoids are
mobilized from storage organs or the blood during food
shortages or in stressful situations and the amount of
carotenoids available in these situations remain conten-
tious. We study the amount of carotenoids circulating in
the blood stream in Gentoo Penguins (Pygoscelis papua),
taking advantage of the physiological stress produced by
fasting during moulting. Carotenoids are not detectable in
the blood after 1 week of fasting during moulting in
Gentoo Penguins, whereas breeding adults and chicks show
a high concentration of astaxanthin. Our results suggest
that carotenoids are consumed in physiologically stressful
processes other than ornamentation.
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Zusammenfassung
Plasmakarotin-Verbrauch von mausernden Pinguinen
wa¨hrend des Fastens
Die Fragen, ob Karotine in Nahrungsmangelperioden oder
Stresssituationen aus Speicherorganen oder dem Blut mo-
biliziert werden, und wie groß die in solchen Situationen
verfu¨gbare Karotinmenge ist, sind immer noch umstritten.
Wir untersuchten die Karotinmenge im Blutkreislauf von
Eselspinguinen (Pygoscelis papua) unter Ausnutzung des
physiologischen Stresses, der durch Fasten wa¨hrend der
Mauser entsteht. Nach einer Woche des Fastens wa¨hrend
der Mauser ließen sich im Blut der Eselspinguine keine
Karotine feststellen. Ku¨ken und bru¨tende Altvo¨gel wiesen
hingegen hohe Konzentrationen an Astaxanthin auf.
Unsere Ergebnisse legen nahe, dass Karotine in physio-
logischen Stress verursachenden Prozessen, die nicht der
Ornamentik dienen, aufgebraucht werden.
Introduction
Carotenoids are compounds mainly synthesised by algae,
higher plants or microorganisms (Goodwin 1984) that are
involved in the pigmentation of ornaments in birds and other
animals (Hill et al. 2002). They must have a dietary origin
because of their impossibility to be synthesised by the birds
(Goodwin 1984). Carotenoids are stored in organs and tis-
sues such as the liver (McGraw and Toomey 2010) where
these pigments can be metabolised and transformed before
final deposition in the plumage (Del Val et al. 2009) or in
body fat (Negro et al. 2001; Metzger and Bairlein 2011).
However, the questions of whether carotenoids are mobi-
lized from storage organs or the blood during food shortages
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or stressful situations, and the amounts of carotenoids
available in these situations, remain contentious. The Gentoo
Penguin (Pygoscelis papua) is a good model for investigat-
ing these questions because (1) these seabirds are obliged to
fast during moulting because they renew all their plumage at
once, which keeps them from foraging at sea due to lack of
insulation; (2) krill (Euphausidae), which is a rich source of
the red carotenoid astaxanthin (Yamaguchi et al. 1983),
represents 90 % of the diet of Antarctic penguins (Williams
1995); and (3) this species does not have coloured feathers
and therefore does not need to mobilize pigments from
storage organs during moulting for feather pigmentation.
Astaxanthin has antioxidative and immunoestimulant prop-
erties (Miki 1991; Park et al. 2011), being more active than
other carotenoids (Miki 1991; Martı´nez et al. 2008). Gentoo
Penguins have a coloured beak which has the potential to be a
secondary sexual character (Cuervo et al. 2009) and varies
geographically in colour probably depending on krill abun-
dance (Barbosa et al. 2012). Unlike feathers in which
carotenoids are deposited during moulting, the outer layers
of the beak are continuously replaced.
Moulting is a highly demanding activity (Groscolas and
Cherel 1992) and presumably increases the production of
free radicals. In addition, it also activates the immune
response due to the higher risk of infection by the wounds
resulting from the breakage of growing follicles (Silverin
et al. 1999). Therefore, moulting in a fasting situation
should produce a mobilization of carotenoids from the
storage organs to the blood stream to scavenge free radicals
and to enhance the immune response.
The aims of this study are to compare the levels of
plasma carotenoids between a fasting (moulting) and a non-
fasting (breeding) situation, and also between chicks
(feeding exclusively on krill) and breeding adults (including
other prey such as fish or squids in their diet).
Methods
The Gentoo Penguin has a black and white plumage but the beak
and feet are red-orange. Its diet consists mainly of krill, although
fish and cephalopods may also be consumed (Williams 1995).
The moult occurs after breeding and lasts 15–21 days.
The study was carried out during January and February
2007 at the Stranger Point penguin rookery on King
George Island, South Shetlands (62150S, 58370W). Adult
penguins were captured during breeding and moulting
using a long-handled net. Breeding individuals were cap-
tured at their nests during guarding (between 5 and 21
January), and their chicks were taken from the nest
simultaneously and kept safe from predation. When the
adults and chicks had been sampled, the chicks were
returned to the nest and adults released in their proximity.
After release, all adults immediately resumed care of the
chicks. Moulting birds (easily identified by the large
amount of feathers they were losing) were captured around
the colony (5 February). The large proportion of feathers
shed indicated that birds were in late-moult, and it is highly
probable that they had been fasting for at least 1 week.
After sampling, birds were released in the same place
where they were captured. Blood samples were taken from
a foot vein with a heparinised capillary tube immediately
after capture. Samples were later centrifuged at 12,000 rpm
for 10 min to separate plasma from red blood cells. Plasma
was frozen at -20 C until analysis. All samples from
different penguin groups (breeding adults, moulting adults
and chicks) were manipulated in the same way.
HPLC analyses were done at the Don˜ana Biological
Station using a Jasco PU-2089 Plus instrument equipped
with a quaternary pump (Jasco Analı´tica, Spain). Caroten-
oid analyses were performed using a reverse phase C18
column (Phenomenex Synergi 4 l) and a 5-lm particle size
precolumn of the same material. Samples were pre-filtered
using a nylon OEM filter (0.45 lm–4 mm) and later
injected with a Rheodyne 7725i valve equipped with a 20-ll
loop (Rheodyne, Rohnent Park, CA, USA). The eluent
system was as described in Mı´nguez-Mosquera and Horn-
ero-Me´ndez (1993), except that the flow rate was 1 ml/min.
Data between 195 and 650 nm were acquired with a mul-
tiwavelength detector MD-2010 Plus (Jasco Analı´tica).
Quantification of carotenoids was performed using
reference astaxanthin, as in a previous study by Toral et al.
(2008). Known dilutions of astaxanthin were injected in the
HPLC instrument to build a calibration curve at 450 nm.
Concentration of individual carotenoids was calculated
from HPLC areas recorded at 450 nm.
Astaxanthin concentrations were not normally distrib-
uted, therefore a non-parametric test was performed.
Statistical analysis included Kruskal–Wallis test with status
(breeding, moulting or chick) as a factor. Statistical
significance was set to 0.05.
Results
We were unable to detect any carotenoids in the blood of
moulting penguins (mean = 0 lg/ml, n = 25), whereas
breeding birds (mean = 15.18 lg/ml, n = 43) or chicks
(mean = 21.91 lg/ml, n = 46) showed relatively high
levels, mostly of the red carotenoid astaxanthin. The dif-
ference among groups is therefore highly significant
(H2,114 = 60.52, p \ 0.0001, Fig. 1).
Discussion
Plasma carotenoid concentration in both breeding adults
and chicks were well above the average value for free-
ranging birds, estimated at 3.48 lg/ml in a subsample of 12
bird species from marine environments (Tella et al. 2004;
Appendix S1). This reflects the intake of Antarctic krill as
main prey, which is a rich source of the carotenoid asta-
xanthin. Our results show a dramatic decrease in the amount
of circulating carotenoids in the blood stream during obli-
gate fasting in moulting penguins. During this time, pen-
guins remain ashore for at least 2 weeks because they
change their entire plumage at once and this prevents them
from foraging at sea. Prior to the onset of moulting, they eat
and store reserves, gaining 50–70 % of body mass (Wil-
liams 1995). The total depletion of blood carotenoids in
fully moulting individuals (individuals that have not eaten
for at least 1 week) suggests that circulating carotenoids are
used quickly, and that they are not replaced by carotenoids
previously stored in organs such as the liver (del Val et al.
2009) or subcutaneous body fat (Negro et al. 2001).
Unfortunately, we did not sample individuals serially to
estimate the depletion rate of blood carotenoids from a
baseline prior to the onset of moult. Penguins may mobilize
a large amount of fat during moulting (196–210 g/day
mass loss; Adams and Brown 1990). Fat in birds is often
coloured by carotenoids, and it has been suggested that
carotenoids from fat may not be readily available in the
blood transport system (Negro et al. 2001), although recent
findings indicate that body fat is a functional carotenoid
storage tissue (Metzger and Bairlein 2011). Our results can
be explained in at least three different ways: (1) carote-
noids are not stored in body fat in Gentoo Penguins,
(2) caroteoids cannot be mobilized from body fat in this
species, or (3) carotenoids are depleted during moulting.
This last explanation seems to be very likely as carotenoid
mobilization from the liver has also been reported in birds
(del Val et al. 2009), but we did not detect astaxanthin in
the penguin blood stream of moulting penguins. Carotenoid
depletion would be more likely in late stages of the moult.
Although we do not know the precise time of onset of the
moult in the birds that we sampled, differences in body
mass between breeding and moulting individuals (the latter
are 17 % heavier) are in agreement with differences found
between breeding and late moulting birds in other popu-
lations of the same species (i.e., 16 %; Williams 1990).
Therefore, it is very likely that our sample was in the last
stages of moulting, reinforcing the explanation for deple-
tion. Alternatively, mobilization from the liver would be
very inefficient. Another explanation might be that
carotenoids need to be tied from the digestive tract.
Carotenoids may just follow absorption, and as soon as
there are no fats in the digestive tract, there are no
carotenoids circulating in blood either. Unfortunately, we
have no data to show to what extent carotenoids are stored
in liver or body fat in Gentoo Penguins because this
information can only be obtained from dead animals, and it
is very difficult to find naturally dead adult penguins during
moulting which precludes obtaining this kind of data.
Finally, absence of carotenoids in the blood of moulting
penguins could be explained if they are lost by excretion,
but we do not think this is the case, as carotenoids which
appear in the excreta have escaped from intestinal
absorption but have not been excreted through the excre-
tory system (Russell et al. 1942).
Physiological consequences of carotenoid depletion in blood
could be related to a reduction in immunocompetence and an
increase in oxidative stress during moulting, although alterna-
tive compounds to avoid free radicals as vitamin E could reduce
the effects of carotenoid depletion. Further investigation is
needed to confirm these expectations. Moreover, carotenoid
depletion is expected to affect beak colouration. In fact, this is
the case, as moulting birds have paler beaks than those that were
breeding (Cuervo et al., unpublished).
Interestingly, chicks showed the highest levels of cir-
culating carotenoids (see Fig. 1), possible reflecting its
exclusively krill diet, while adults can incorporate other
prey, such as fish or squid (Williams 1995). The large
amount of circulating carotenoids in chicks compared to
adults would reinforce the idea that food intake is inti-
mately related to the level of carotenoids present in the
blood stream (Hill et al. 2002).
Finally, in the present study, we measured astaxanthin
on the basis that krill is the main prey for Gentoo Penguin
and that krill is a rich source for this carotenoid. No other
carotenoids (lutein, beta-cryptoxanthin, cantaxanthin and
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Fig. 1 Mean (±SE) astaxanthin concentration in plasma for Gentoo
Penguin (Pygoscelis papua) chicks and for adults in two different
physiological situations (breeding and moulting). Different letters
denote statistically significant differences (p \ 0.05) between groups
(post hoc comparisons)
beta-caroten) were found in the blood of Gentoo Penguins
from four different populations (Barbosa et al., unpub-
lished). Therefore, we can conclude that astanxanthin is the
only carotenoid present in the blood of the Gentoo Penguin.
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